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ABSTRACT

Though numerous investigations of the action of 2 ,4-dichlorophenoxyacetic acid (2,4-D) on living cells have been made,
fundamental mode of action remains obscure.

its

All of the evidence

presently in the literature points to an interference with a common
factor or factors essential to a great many metabolic activities*
Metal ions, the micronutrients, are therefore immediately suspect,
since they are the only factors common to a majority of the metabolic
activities of living cells.

A likely candidate, specifically,

is

magnesium ion, since it has been implicated in more activities than
any other ion.
A direct relationship between the magnesium ion concentration
in the external environment and the inhibition by 2,4-D of the res
piration of Azotobacter vinelandii and Rhizobiurn meliloti has been
shown in this study.

Phosphate enhances this inhibition.

In addition, selective centrifugation at low temperatures of
cells of A* vinelandii in a KC1 solution and phosphate buffer solu
tion deoreases their oxygen uptake on succinate (an adaptive response)
and acetate (a non-adaptive oxidation).

This reduced respiration is

stimulated considerably by addition of magnesium sulphate to the
Bystem.

This magnesium-induced stimulation of respiration is in

hibited by 2,4-D at molar ratios of 1*1 and 2 *1 , 2 ,4 -D to magnesium*
vii

The inhibition in this ca.se also ia greater in the presence of
phosphate .
Calcium can stimulate this reduced respiration* but to a lesser
degree*

This caloiuro-induced stimulation of respiration ia also in

hibited by 2,4-D at molar ratios of 1*1 and 2*1.
Further* aureomycin, achromycin (known chelating compounds) and
2,4-D inhibit the oxygen uptake of A. vinelandii on mannitol at con
centrations of 2 x 1 CT 4 U* 2 i 10 ^ M, and G x 10 ^ M respectively.
Protection from all of these inhibitions is afforded by low molar
ratios of magnesium to the agents.

In the case of 2,4-D, complete

protection from the inhibition produced by a concentration of 6 x

10 *"^ M is afforded by magnesium at a 1*1 molar ratio.
In all of the experiments performed* 2,4-D behaved in accordance
with the hypothesis that its primary mode of action involves inter
ference with the availability of essential metal ions.

viii

INTRODUCTION

Although investigations of the activities of 2 ,4-dichlorophenoxyacetic acid,

(2,4-D) on higher plants, animals and bacteria, have been

many and varied, its fundamental mode of action remains obscure.
This agent has been shown to impair respir tion, proteolysis,
and deamination in various bacterial species.

It has been reported

to interfere with carbohydrate metabolism, nitrate uptake and lipid
metabolism in higher plants.

Also, uncoupling of oxidative phos

phorylation in rat liver mitochondria has been reported, as well as
the production of myotonia in rat 3 , rabbits, and sheep.
In view of the versatility of its inhibitions and the many meta
bolic sequences influenced by it3 presence,

it i3 reasonable to sus

pect that this agent interferes with some common factor essential to
a large number of vital operations in the metabolic machinery of the
cell •
Metallic ions, the raicronutrients, have long been demonstrated
to play vital roles in numerous enzymatic activities of all living
cells.

One of these ions, magnesium, has been implicated in more

physiological activities than any other ion.
The prominent roles that magnesium plays in the economy of the
cell are well recognized by workers in the field of baoterial physi
ology.

Its activities range from its effects on cellular growth and
1
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division to the many steps in carbohydrate oxidation and the coupled
phosphorylation mechanisms.
It seems possible from the structure
it might interefere with the availability

of the 2,4-D molecule

that

of metal ions such as mag

nesium by some form of chemical binding, and, if so, could exert its
physiological activity on living cells through this mechanism of action.
This investigation presents evidence
that

in surjport of the hypothesis

2,4-D acts, physiologically, tnrough interference with the avail

ability oi essential metal ions, either by chelation, complexation or
pseudo-salt formation.

BEVIES' OF LITERATURE

The effect of 2,4-D on the metabolism of higher plants.

It is

evident from an examination of the literature dealing with the inter
relations of 2,4-D and higher plants that this organic chemical pro
duces a wide variety of effects on their metaoolism.
One of the major areas of study seems to have been the inhibi
tion of respiration of plant tissue by 2,4-D.

Typical and consist

ent changes in rates of oxygen consumption, carbon dioxide evolution
and derived respiratory indices were found following treatment with
2.4-D (Smith, 1948) •

Certain differences were also observed in the

response of treated and untreated tissues to added intermediary me
tabolites of the Krebs citric acid cycle, and from this Smith sug
gested that perhaps respiration and fermentation are sites of action
of 2,4-D.
A concentration of 1 gram of 2,4-D per liter was inhibitory to
the respiration of pea and oat tissues (Kelly and Avery, 1949)*

Tbe

main responses of seedlings of wheat and mustard to treatment with
2.4-D at concentrations up to 10 ppm (Taylor, 1947-48) were reduc
tion in rates of C0^ evolution and of
all ages*

uptake by both species at

Apparent reduction of activity, generally in proportion

to concentration of 2,4-D, was measured during the first hour after
initiation of treatment.
Hsueh and Lou (1947) have shown that at a concentration of 0.1
3

4

per cent, 2,4-D inhibited respiration and checked germination ir.
rice and barley.
Another metabolio activity of plants affected by 2,4-D is photo
synthesis.

Treatment of Anacharis (Freeland, 1949* 1949-50) with

2,4-D resulted in a decrease in the rate of photosynthesis at concen
trations of 30 ppm and 100 ppm, but the effects appeared sooner and
were more marked at the higher concentration.

In either case the

amount of retardation increased with time and amounted to approxi
mately 45 Per cant after 24 "to 48 hours, depending upon the concen
tration.

By the end of 48 hours the plants treated with 100 ppm

were often beginning to lose their chlorophyll and show deterioration.
Phosphate metabolism and biological energy production have been
the subject of much experimentation.

This phase of metabolic activi

ty seems to be quite sensitive to the presence of 2,4-D.

That phos

phate metabolism is affected by 2,4-D has been reported by Loustalot,
Morris, Garcia, and Pagan (l953)» Van Overbeek (l947)» Wort (1952 and
1953 ) t and Neely, Ball, Hamner, and Sell (l950a).

Van Overbeek

(1947) suggested that 2,4-D after combining with suitable proteins
oan liberate inorganic phosphate from phosphorylated compounds. He
suggested further that this may involve direct release of phosphatebond energy or transphosphorylation.
Phosphorylase activity decreased in both the proliferated stem
and leaf tissue of 2,4-D treated red kidney bean plants acoordlng to
Neely, Ball, Hamner and Sell (1950&)*
llany other areas of the metabolism of higher plants have also
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been reported to be influenced by the presence of 2,4-D.

Neely,

Ball, Hamner and Sell (1950*0 have shown thut 2,4-D lowered con
siderably the activity of both the alpha and beta amylase in the
stems of bean plants.

Hagan, Clagett, and Helgeson (1949) have

shown that 2,4-D effectively inhibited the activity of castor bean
lipase at concentrations of from 3.03 x lO"^ M to 3*03 x .10*”^ M.
The work of Kvamme, Orville, Clagett, and Troumann (1949) further
demonstrated that the sodium salt of 2,4-D inhibited the activity
of wheat-germ lipase at concentrations greater than 0.009 M under
their experimental conditions.
found to be non-competitive.

The primary type of inhibition waB
A comparison of percentage inhibition

on a lipase activity basis was made between the castor bean lipase
of the broad leaf family and wheat germ lipase of the narrow leaf
family.

This calculation indicated the inhibitory action upon the

castor bean lipase to be of the order of 400 times as effective as
upon the wheat germ lipase.
Nitrate uptake of excised wheat roots was inhibited by 2,4-D
(Nanoe, 1949) in concentrations from 0.1 to 10 ppm.

Phosphate

(0 .0 0 1 M) enhanced the inhibition.
Davis and Smith (1950) suggested that 2,4-D is strongly toxio
to protoplasm.

Semi-permeability appears to be destroyed causing

exudation of the oell sap and eventual oollapse of the tissue.
The respiratory aotivity of mitochondrial enzyme systems from
plant tissue on succinate and pyruvate was inhibited by concentra
tions of 2,4-D of the order of 10*"^ M (Switzer, 1954)*

6

The effect of 2 ,4-D on the metabolism of microorganisms»

A

variety of metabolic activities of microorganisms are inhibited by
2,4-D.

Concentratione of 300 to 500 ppm of 2,4-D inhibited the de~

composition of gelatin to amino acids by Bacillus cereus.

The in

hibition of ammonia production from selected amino acids by this
same organism was effected with 900 ppm 2,4-D (Johnson and Colmer,
1955a) •

The utilization of amino acids and ammonia production from

these amino acids by Pseudomonas fiuorescens was inhibited by 5»°00
ppm 2,4-D (Johnson and Colmer, 1955*0 •
The respiration of Azotobacter agile, Azotobacter vinelandii,
and Azotobacter ohroococoum was inhibited by concentrations of 2,4-D
ranging from 7,000 ppm to 15,000 ppm (Magee and Colmer, 195oa,b)*
The inhibition produced by a given concentration of 2,4-D on the
respiration of Azotobacter was shown to be enhanced by 3mall in
creases in the phosphate concentration (Johnson, Magee and Colmer,
1956).
Complete inhibition of the growth of a yeast culture occurred
at 2 x 10

—2 M 2,4-D.

Exogenous oxygen uptake wa'S progressively in

hibited with increasing concentrations of 2,4-D, but the inhibition
effect was maintained only at concentrations of glucose at or above
the optimum for yeast respiration (Swanson, 1953).

The effect of 2,4-D on the metabolism of animals.

In experi

ments designed to show the effeot of 2,4-D on oxidative phosphoryl
ation of rat liver mitochondria it was found (Brody, 1952) that
this compound was a potent uncoupling agent*

At concentrations as

high as 1 x 10- ^ M there was little effect on respiration and yet
the P»0 ratio fell to 20 per cent of the control level.

Uncoupling

effects oould be demonstrated at concentrations of 2,4-D aa low as
5 x 10"5 M.
Bucher II9 4 0 ) showed that the injection of 1^0 to 200 mg per kg
doses results in a myotonia-like syndrome that lasts from 8 to 24
hours or more in different animal species.

The same signs have been

produced in mice, rats, rabbits, and 3heep.
A veratrinic response marked by repetitive response to single
stimuli in muscle and nerve is produced in the neuromuscular appara
tus of the rat by 2,4-dichlorophenoxyacetate (Eyzaguirre, Folk,
Zierler, and Lilienthal, 1948)*

This results in increased ’twitch*

tension and prolonged ’twitch* duration.

Tlie repetitive response

*"
+
and their sequelae are accentuated by K and acetylcholine and are
obliterated by activity, quinine, Mg
phosphate.

, Ca

++

, and alpha tocopheryl

These phenomena are indistinguishable from those occurring

in the spontaneous myotonia of man and goat, and also in response to
several apparently unrelated chemical, physical, and electrical agents.
It has also been reported (Szent-Oyorgyi, 1956) that 2,4—

in

the same oonoentration that it produces myotonia in mice, greatly
shortens the lifetimes of various triplet excitations.
These seleoted works from the literature conclusively demonstrate
that 2 t4-D is capable of a multiplicity of inhibitions of many meta
bolic aotivities of a wide variety of both microscopic and macroscopic
organisms.

A possible mechanism of action could involve interference
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with essential metal ions* the only physiological factors common to
a great many functions in the metabolic machinery of the cell.

The

following report presents evidence in support of this hypothesis*

MATERIALS AND METHODS

Materials and methods for chapte

_1.

Azotobacter vinelandii

strain 0 and Rhizobiuni me 111 o11 Wis* 106 were the test organisms.
The growth medium for Azotobacter was patterned after that of Jensen
(1954).

It consisted of mannitol 5 St calcium glycerophosphate 0.5

g, MgSO^

. 7 H^O 0.006 g f biotin 0.02 fig, FeCl^ trace, agar 25 St

and distilled H^O to 1000 ml.

The medium for Rhigobium was that

recommended by Wilson (1938).
The organisms were grown on agar plates, incubated at 30 C
(Azotobacter for 24 hours and Rhizobium for 48 hours), and were
washed from the plates with a solution containing K^HPO^ 2.6 g,
KH^PO^ 2.0 St anc* NaCl 3*9 S Per liter.

The harvested cells were

washed twice with the above solution by centrifugation at 3,000 rpm
and 10 C for 45“60 minutes, were resuspended in the salt solution and
then filtered through Reeve Angel filter paper no. 202.

To standard

ize the quantity of cells added to each Warburg flask, they were di
luted with the salt solution to give an optical density reading of
0*4 when determined with a B & L Spectronic 20 spectrophotometer at
420 flfi.

One ml of this standard suspension was used in the tests.

A different procedure was used for obtaining the A. vinelandii
oells for tests on the phosphate effect, table 1, (Johnson, Magee,
and Colmer, 1956).

These oells were grown in Burk's mineral salts

medium (Wilson and Knight, 1952) with one per cent mannitol as the
9

10

carbon source in 300 ml amounts in 1000 ml flasks.
agitated on a rotary shaker for 16-18 hours.

The flasks were

The cells were cen

trifuged at 3,000 rpm and 4 C for 10 minutes and then washed once
in 0.15 M K C 1 .

They subsequently were filtered and diluted with

0 .1 5 M KC 1 to obtain the same optical density reading as employed
in the other tests.
Triple distilled water was used for the media and all solutions.
The triethanolamine salt of 2*4-D» 40 per cent acid equivalent, was
secured from the Dow Chemical Company.

Oxygen uptake was measured

manometrically in a conventional Warburg apparatus.

Materials and methods for chapter _2.
vinelandii strain 0.

The organism used was A.

The N-free mineral salts solution of Burk

(Wilson ana Knight, 1952) with one per cent mannitol was the growth
medium.

The organisms were grown on a rotary-type shaker at 30 C for

16-13 hours in 300 ml of medium in a 1 ,0 0 0 ml flask.
At the end of the growth period the cells were centrifuged from
the medium at 3,000 rpm for 10 minutes at 4 C.

The cells were washed

and centrifuged 5 times with 10 ml amounts of either 0 .2 per cent
KC1, pH 6*9, or 1^15 phosphate buffer, pH 6 .9 .

They were suspended

in the solution in whioh they were washed, filtered through Reeve
Angel filter paper no. 202, and then adjusted to an optical density
of 1.0 with a B k L Spectronic 20 spectrophotometer at 420 mp.
The oells used in the test on adaptation, as reported in figure
3, were centrifuged from their growth medium at 3,000 rpm for 10
minutes at 4 C*

They were then washed and recentrifuged once with

11

0.2 per cent KC1, and finally suspended in the same solution.

A 0 .5

ml portion of this suspension, adjusted to an optical density of 1 .0 ,
was used in the test.
The usual Warburg procedures were employed (Umbreit, Burris, and
Stauffer, 1949)•

Each flask had in the reaction chamber the follow

ing materials expressed as final molar concentrations in a total
volume of 3.0 ml» phosphate buffer pH 6 .9-7*0, 0.066 or 0.077 M
(as indicated)| MgSO^ or CaSO^, 0.002 M (where indicated)f 2,4-D,
0.002 M or 0.004 M (as indicated)} cells, 0.5 ml.

The side arm of

the flask had 0 .1 ml of a 0 .1 1! solution of tiie appropriate substrate
to give a final concentration of 0.003 M.

The center well had 0.1

ml of 10 per cent K0H and a fluted filter paper strip.
were made to volume with triple distilled water.
air and the temperature was 31 C.

All vessels

The gas phase was

The vessels were allowed to equil

ibrate for 5 minutes and then the substrates were tipped in from the
side arms.

The pure sodium salt of 2,4-D was used.

Materials and methods for chapter _3.
vinelandii strain 0.

The organism used was A.

The N-free mineral salts solution of Burk

(Wilson and Knight, 1952) with one per cent mannitol was the growth
medium.

The organisms were grown in 300 ml of medium in a 1,000 ml

flask on a rotary-type shaker at 30 C for 16-18 hours.
At the end of the growth period the oells were oentrifuged from
the medium at 3»000 rpm for 10 minutes at 4 C.

The oells were washed

and oentrifuged onoe with 10 ml amounts of 0.2 per cent aqueous KC1
solution, pH 6*9*

They were suspended in 0.2 per cent KC1 and filtered
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through Reeve Angel filter paper no. 202, and were then adjusted to
an optical density of 1.0 with a B & L Spectronic 20 spectrophoto
meter at 420 091.
The usual Warburg procedures were employed (Umbreit, Burris and
Stauffer, 1949)*

Each flask had in the reaction chamber the follow

ing materials expressed as final molar concentrations in a total
volume of 3.0 mil cells, 0*5 mil phosphate buffer pH 6.9-7*0, 0.066
Mf MgSO., 2,4-D| aureomycin, and achromycin in concentrations as
T
indicated.

The side arms of the flasks had 0.1 ml of a 0.1 M solu

tion of mannitol which when tipped gave a final concentration of
0.003 M*

The center well had 0.1 ml of 10 per cent KQH and a fluted

filter paper strip.
distilled water.

All vessels were made to volume with triple

The gas phase was air and the temperature was 31 C.

The vessels were allowed to equilibrate for 5 minutes and then the
substrate was tipped in from the side arms.

The pure sodium salt of

2,4-D and pure aureomyoin and achromycin were used.

RESULTS

Chapter 1

The relationship between magnesium and the physiological effects
of 2,4-D on Azotobacter vinelandii and Rhizobium meliloti

The prominent roleB that magnesium plays in the economy of the
cell are well recognized by workers in the field of bacterial physi
ology.

Its activities range from its effects on cellular division

(Webb, 1953) to the many 3 teps in carbohydrate oxidation and the
ooupled phosphorylation mechanisms.

Of the latter, the review arti

cles of Brody (1955) and Lehninger (1953-54) have stressed the value
of investigations on ooupled oxidation-phosphorylation mechanisms to
explain many of the fundamental reactions in cellular metabolism. The
former author and his coworkers ( 1 9 5 4 ) have shown with isolated rat
liver mitochondria that the tetracycline antibiotics effect uncoupling
by ooraplexing essential magnesium.

It also has been shown by Brody

(1952) that 2,4-D» the plant growth substance which is extensively
used as a herbioide, is an uncoupler of oxidative phosphorylation in
rat liver mitochondria.
The vital importance of magnesium to the respiration of Azoto—
baoter has been well demonstrated by Goucher and Kooholaty (1954)1
13
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and the possible dependency of this organism on magnesium for the
maintenance and function of its permeability and transport mecha
nisms has been pointed out by Goucher, Sarachek, and Kooholaty

(1955)A vast amount of experimental work, in both the laboratory and
field, has disclosed the manifold diverse responses of plants to the
halogenated phenoxy compounds.

Although many aspects of the action

of one of them, 2,4-D, have been investigated and explanations for
its mode of action have been suggested, no report has related this
agent and its mode of action on the bacteria, or higher plants, to
the possible involvement of magnesium.

The results that follow

demonstrate conclusively that there is a direct relationship between
the magnesium content of the external environment and the physiolog
ical effects of 2,4-D*

Relation between magnesium and the inhibition by 2,4-D of oxygen
uptake of A. vinelandii.

Figure 1 shows that without added magnesium

the normal oxidative activity of the azotobacter (curve l) proceeds
at the usual high rate characteristic of these organisms.
dative aotivity is almost completely inhibited by 1*85 x 10
at the same low level of magnesium (ourve 3)*

This oxi-

_2

M 2,4-D

A marked protection

from the inhibition by 2,4-D is afforded the organism by the prior
addition of 0*2 ml of 0*04 M

* 7

asaa^ aye'tan at
mmO

sero time (ourve 2)*

In the presenoe of added magnesium, 3*7 x 10”

U 2,4-D (twioe the oonoentration of the agent as used in ourve 3) is

15

i
l
BM

IM

Figure 1 . Relation between mafc,neaium and inhibition by 2,4-D
of oxygen uptake of Azotobacter vinelandii.
Components given aa final concentration in 2 -5 ml* Main compartment!
POJ buffer, pH 7*0, 0.03 M| mannitol 0.008 U) Mg S O . 0.0032 M in flaaka
2 and 4) 1*0 ml cell suspension. Side armt 0.2 ml of proper concen
tration of 2,4-D to give final concentration a8 indioated on graph.
Center wells 0.1 ml 10 per oent KOH plua fluted filter paper atrip.
Oaa - airy Temperature - 31 C.
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required, to inhibit completely the oxidative degradation of mannitol
by the organisms (curve 4 )»

Relation between magnesium and the inhibition by 2,4-D of oxygen
uptake of R * melllotl.

The phenomenon has been extended to a system

involving the oxidative dissimilation of glucose by R. meliloti (fig
ure 2).

Curve 2 demonstrates that the presence of added magnesium

at zero time followed by 2,4-D at

protects the organism, as was

observed with A. vinelandii (note curve 2, figure l).
application of 2 ,4 —D at

The second

however, inhibits the oxygen uptake of

R* meliloti completely.
Curve 3 shows that when added magnesium is lacking at zero time,
the inhibition produced by 2 ,4 -D at
additi on of magnesium at T^*

was not reversed by the later

It should be noted here that the appar

ent increase in inhibition brought about by the addition of magnesium
at Tg (ourve 3) ia not real.

In other experiments it was evident

that a period of time, represented here by xhe l^j minute period be
tween the point of addition of the 2,4-D and the next reading, was
required in the case of R. meliloti before the full effects of the
added 2,4-D became manifest upon the organisms.
of the ourve shown after the tipping at

Thus that portion

illustrates that the in

hibition is a continuing function of the 2 ,4 —D added and that the
addition of magnesium at

neither increases nor decreases the in

hibition •

Relation of phosphate to the enhanced toxioity of 2,4-P*

The

17

1*»K> “
i.kp

MINUTES

Figure 2 . Relation between magnesium and inhibition by 2,4-D
of oxygen uptake of Rfaleobimn meliloti.
Components given as final concentration m 2*5 ml* Main compartment*
P O " buffer, pH 7.0, 0.03 U, gluoose 0.0072 M» MgSO. 0.0016 U in flasks
1 tnd 3 after T*, 0.0032
in flaek 2 at 0 Hr* 2,4=D 0.0l85“jl after T,
and 0.037 M after T g in flask 2 and O.OI 85 M after
in flask 3 I 1.0
ml oell suspension. Center welli 0.1 ml 10 per cent KQH plus fluted
filter paper strip. Gas - airj Temperature - 31 C.
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TABLE 1

The relation of phoBphute and magnesium to the toxicity
of 2,4-D for Azotobacter vinelandii

0^ Uptake

Systems

15 min

30 min

ul

ul

0

0

/
++\
Active respiration (minimal Mg )

51

114

Active respiration (added Mg

75

162

Minimal Mg++ and 1 .85 x 10~2 M 2,4-D

58

78

Added Mg++ and I .85 x 10"2 M 2,4-D

78

148

Minimal Mg++ and 50 jimoles PO^

62

127

Added Mg++ and 50 junoles PO^J

73

159

Minimal Mg++ and I .85 x 10"2 M 2,4-D
and 50 jrnoles PO^

60

72

Added lfe++ and I .85 x 10- 2 M 2,4-D and
50 ^unoles PO^

66

116

Endogenous

)

Each Warburg Teasel oontained in a total of 5*5 nil a final con
centration of 0.03 M phosphate buffer, 0.008 U mannitol, 0.0032 M
MgSO. (where indicated.) and 1.0 ml oells. MgSO. was added at 0 hrj
2 ,4 —S or 2,4-D and phosphate were added at 15 minutes *
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presence of phosphate has been reported to increase the inhibitory
action of 2,4-D on nitrate uptake by excised wheat roots (Nance, 1949)>
and on oxygen uptake by A. vinelandii (Johnson, Magee, and Colmer,
1956)*

Table 1 shows that with a minimal amount of magnesium this

organism respires quite actively, and with added magnesium (to give
a final 0 .0 0 3 M concentration) there was some stimulation in its ox
ygen uptake.

When 2,4-D was added to these two systems, there was

a marked difference in the oxygen uptakej with added mugnesium in
the system, almost complete protection v/as afforded the organism from
the deleterious action of 2,4-D*

These results confirm the findings

of the tests illustrated in figures 1 and 2 and serve as a control
background for the tests with phosphate.
Phosphate added (50 junoles) to either the control system with
minimal magnesium or to the control system with added magnesium pro
duced no change in the oxygen uptake by the organism.
I .85 x 10

—2

However, when

M 2 ,4 —D was added to those two phosphate and magnesium

systems, that system with the added magnesium was signifioantly al
tered.

The minimal magnesium system was so strongly inhibj i,ed in

the absence of phosphate that it would be difficult to show a signif
icant increase in the inhibition in the presence of added phosphate.
Still the system with the added magnesium was afforded protection
against the phosphate enhanced inhibition as compared to the system
containing minimal magnesium, phosphate and 2,4-D.

Chapter 2

Further studies on the mode of action of 2,4-D on Azotobacter
vinelandii as related to magnesium and phosphate

The vital roles played by metallic ions in the metabolic activ
ities of bacteria are well known.

One ouch ion, magnesium, has been

reported to be quite versatile in its relation to the cell.

One of

the areas of cellular activity shown to be magnesium dependent is
the adaptive response of Azotobacter vinelandii to the oxidation of
oertain substrates (Goucher, Sarachek, and Kocholaty, 1955)*

The

previous chapter contained data which indicated that 2,4-D and mag
nesium ion had an intimate relationship in the observed toxicity of
the herbicide for the organism.

This chapter gives the results of

studies made with A. vinelandii in its magnesium-dependent adaptive
response to certain substrates as further emphasis to the hypothesis
that the mode of action of 2,4-D for the cell is intimately related
to its intereference with the availability of essential metal ions.

Belationship between metal ions and 2,4-D to the adaptation to
suooinate oxidation by A. vinelandii.

Figure 3 shows that mannitol-

grown oells have an adaptive pattern similar to that shown to be true
for gluoose- and sucrose-grown oells (Goucher and Kocholaty, 19549
Stone and Wilson, 1952).

They are adapted to the oxidation of pyruvate
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and acetate and unadapted to succinate, fumarute, and matate, re
quiring varying lag periods before the oxidation of these three sub
strates .

The furaarate system in figure 3 was run for 3 hours to

determine if the cellB would eventually adax’t to it.

The value

given in the insert is the oxygen uptake after 3 hours, a value
which shows that adaptation did occur upon continued incubation.
Figure 4 shows the relation of 2,4-D to this magnesium—dependent
adaptive pattern.

When magnesium is added to either KC1- or phos

phate—washed cells, there is a marked increase in oxygen uptake on
succinate with the greater degree of recovery of activity being man
ifest with those cells which had been washed with phosphate.

With

the addition of equivalent concentrations of 2,4—D and magnesium to
either type of washed cells, the respiratory activity is severely
impaired, and at the ratio of 2 to 1 of 2,4-D to magnesium,

the res

piration of the cells is almost completely inhibited.
Figure 4 also emphasizes the relation of the wn.-ming techniques
used to prepare the cells to the oxidative ability of the cells after
such treatments.

The use of KC1 as the washing agent does not modify

the cells as much as when phosphate is used

for washing.

This can

be seen in the differences in oxygen uptake

by the cells which had

no additional magnesium or calcium added.

Relationship between metal ions and 2,4-D to the oxidation of
aoetate by A. vinelandii.

Figure 5» in comparison with figure 4»

shows similarities and dissimilarities in the oxidation of succinate
and acetate by the organisms under the influence of the presence or
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Figure 3* The adaptive pattern of mannitol—^;rown oello of A.
vinelandii to some intermediates of the citric acid cyc l e .
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Figure 4* The relationship between metal iona and 2,4-I> "to
suooinate oxidation by A. vinelandii.
A*
Cells washed with and suspended in 0.2 per cent KClj final con
centration of POj, 0.066M* Bi
Cells washed with and suspended in
0*066 M POTl final oonoentraTion of P 0 * ( 0.077M*
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Figure 5* The relationship between metal ions and. 2,4-D to
acetate oxidation by A. vinelandii.
At
Cells washed with and suspended in 0*2 per cent KClf final con
centration of
0.066 U. B* Cells washed with and suspended in
0.066 U
finil concentration of P0^» 0.077 M*
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abaenoo of magnesium, calcium, phosphate, and 2,4-D*

Acetate oxi

dation was much faster than was succinate oxidation irrespective of
the mode of cell preparation.

The toxicity of 2,4—D for tne ce]Is

respiring on acetate was less evident t.han w e 3 true in the case of
succinate oxidation, but the presence of the herbicide had its usual
inhibitory action, and, again, the inhibition was greater in the
presence of phosphate*

Relationship between calcium and 2,4—D to acetate oxidation by
A* vinelandii*

In figure 5 It was 3hovm that calcium added to phos

phate-washed oells had a stimulating effect on their oxidation of
acetate*

A test of the effect of 2,4-D upon thi3 calcium-induced

stimulation (figure 6) showed that here, too, 2,4-D was inhibitory,
®,* £•» with no addition of calcium I 67 yjl of oxygen were t^ken up}
with 0.002 M oaloium sulphate the oxygen uptake was increased to
192 jxl •

When an equal molar concentration of 2,4-D was added, the

oxygen uptake was reduced to 98 Jil» a^d when the ratio of 2,4—D to
calcium sulphate was increased to 2 to 1, only 52

of oxygen were

taken u p •

Relationship between mode of cell preparation and subsequent
aotivity*

Figure 7 shows that the difference in 0^ uptake by cells

washed six times in either a KC1 solution or a phosphate buffer and
then suspended in KC1 was marked and varied with the substrate used*
In all tests the phosphate washed oells had the greater decrease in
aotivity*

With mannitol this difference was 26 per cent, with pyru-
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L N O ADDITIONS

300

C *l8l+ ft 008*18,4-0
40.008M C * tS + f t004 y 2*4-5

O
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Figure 6. The relationship between Ca
and 2 4-D to acetate
oxidation by A. vinelandii alter being washed with '*066 M PojJ buffer >
final concentration of
0*077 M.
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Figure 7. The effect of KC1 washing and PoJ washing on cells
of A. rinelandli as reflected by their subsequent oxidation of
roannitol, pyruvate, and aucoinate.
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vate there was a 20 per cent decrease* and with succinate the phos
phate washed cells had a decrease of 39 per cent in activity when
compared to the cells treated with KC1.

Chapter 3

The relation of magnesium ion to the inhibition of the
respiration of Azotobacter yinelandii by aureomvcin,
achromycin, r.nd 2,4-diohlorophenoxyacetic acid

In their review on antibiotics Eagle and Satz (l9l>5) 3tate that
three of the most common and best substantiated explanations for the
mode of action of the tetracycline antibiotics arei their effect on
oxidation and fermentation as shown in a number of bacterial species}
their derangement of protein synthesis and reactions involved in pro
tein synthesis} and their interference with cellular and ensvmatic
processes by virtue of their affinity for inorganic caiions.

Evi

dence in favor of this latter hypothesis has been presented by many
workers and all of this evidence is well summarized in the review
article noted above.
Brody, Hurwitz,and Bain (1954) have shown the ability of the
tetracycline antibiotics to uncouple oxidative phosphorylation in
rat brain and liver mitochondrial preparations and have demonstrated
the protective action of magnesium against these inhibitions.

These

authors suggested that the combination with essential metal ions
might be the mode of aotion of these agents•
Sonein (1953) reported that chlortetraoyoline and oxytetracycline
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inhibited glycolysis, respiration, and multiplication of Eaoherichia
ooli and that at a ratio of 50,000 parts of magnesium to one part
of antibiotic, the inhibition of these three functions was prevented.
In this ohapter aureomyein, achromycin, and 2,4-d.iohlorophenoxyaoetio acid are shown to exert a parallel inhibitory aotivity on the
respiration of the bacterium Azotobacter vinelandii strain 0 and the
inhibitions produoed by these agents are shown to be prevented in
varying degrees by low molar ratios of magnesium to the agentB.

The relationship between magnesium and the inhibition of the
respiration of A. vinelandii by aureomyoln.

Figure 8 shows that

although there is an oxygen uptake of between 300 and 400 jil in 60
minutes in the control flask, there is a progressive increase in the
inhibition produced by aureomycin which io directly proportional to
increasing concentrations of the agent.

The concentrations reported

-S

-/

in the figure range from 2 x 10 ^ M to 2 x 10 ^ M with complete in
hibition ooourring at the latter level.
When the concentration of 8 x 10”** M aureomycin (a level shown
in figure 8 to have marked inhibitory effects on the oxygen uptake
of A« vinelandii) was used as the standard level for testing, mag
nesium protected the organism from inhibition by aureomycin, the
maximum effective molar ratio being approximately 6 to 1, magnesium
to aureomyajn (figure 9).

The relationship between magnesium and the inhibition of the
respiration of A. vinelandii by aohromyoin.

Figure 10 shows that
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Figure 8.
vinelandii.

100

The effect of aureomycin on the respiration of JL*

Aureomyoin levels!

$1 $ No additions> $2* 2 x 10 ^ II) $3» 4 s. 10

#4, 6 x 10~5 M» #5t 8 x 10”5 Ul §6, 2 x 10"4 M.

H)

Figure 9* The relationship between magnesium and aureomycin in
the respiration of i* vinel a n d i i .
#1, Ho additional #2, 8 x 10“ ^

M aureomyoini #3* 8 x 10“^

+ 8 z 10“ 5 M

HgSO^i |4, 8

x 10“^

#5» 8 * 10~5

M aureomycin

+ 32x 10” ^ M MgSO^f §6t 8 x 10“ '* II aureo-

mycin + 48 x

10“ ^ M HgSO^i

MgSO^.

M aureomycin + 16 x

M aureomycin
10”'*M

t 8 x. 10”^ M aureomyoin + 80 x 10“** U

HgSO
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L

The effeot of aohromyoin on the respiration of A.
—

Aohroinyoin levels* #1, No additional #2, 2 x 10**4 H| #3, 4 x 10~4 M|
#4, 6 x iO”4*! #5, 8 x 10*4 ill #6, 2 x 10~3 M.
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Figure 11* The relationship between magnesium and aohromyoin
in the respiration of A. vinelandii.
#1, No additional

8 x 10"4 II aohromyoinf #3, 8 x 10-4

M achro

mycin + 8 x 10**4 U MgSO^i |4, 8 x 10” 4 M achromycin + 16 x 10"*4 If
HgSO^i #5, 8 x 10”4 H

10”4 U K g S O ^ #6,

8 x 10"4 11

aohromyoin + 48 x 10"*4 If MgSO^f #7, B x 10-4 Ifachromycin

+ 80 x 10 4

M KgSO^*

achromycin + 32 x
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Figure 12i The effect of 2,4-5 oa the reapiration of i, rlnelandii.

Figure 13* The relationship between magnesium and 2,4-5 in the
reapiration of 4. Tlnelandii.

2,4-5 lorelei #1, No additional |2,2 1 l(f3 lf| #3,4 x l(f3 X| #4,

#1, No additional |2, 6 x 10"3 X 2,4-5| #3, 6 x 10"3 X 2,4-5 + 6 x

6 x 10’3 H| #5, 8 x l(f3 N| #6, 2 x l(f2 X,

10'3 X XgBO^i #4, 6 i 10'3 X 2,4-5 t 12 x 10'3 X HgSO^i #5, 6 x 10*3
X 2,4-5 + 24 x 10“3 X W j #6, 6 x 10'3 X 2,4-D + 36 x 10"3 X IfeSO^i
#7,6 x 10"3 U 2,4-D + 60 1 10"J U KgSO^
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aohromyoin is also oapable of a progressive degree of inhibition of
the reapiration of the organism*

The range of inhibitory concentra

tions of the agent in thia oaae was from 2 x 10~4 II to 2 i 10” 3 M
with maximum inhibition occurring at the latter concentration* Again,
(figure 11) magneaium protected the organism with maximum efficiency
at a one to one ratio of magneaium to achromycin, the 8 x. 10~4 U con
centration serving aa the teat level*

The relationship between magneaium and the inhibition of the
respiration of A. vinelandii by 2,4-P*

A progressive inhibition of

oxygen uptake of the bacterium was produced by 2,4-D up to a concen
tration of 8 x 1CT3 M, at which level complete inhibition occurred
(figure 12)*

At a ratio of one to one, magnesium to 2,4-D, maximum

protection from this inhibition ocourred (figure 13)» the 6 x 10 3 M
oonoentration serving aa the teat level.

DISCUSSION

It is evident from the results presented in chapter one that the
inhibition of the oxidative activity of the two bacteria by 2,4-D is
directly related to the concentration of available magnesium.
possible explanations emerge to explain these data.

Two

In the first

place, the chemical structure of 2,4-D makes it seem possible that
it may be a coraplexing agent for divalent cations.

Thus its complex-

ing with magnesium could deplete a physiological system of essential
magnesium and thereby impair oxidation, phosphorylation and those
other mechanisms, catabolic or anabolic, which are dependent upon
speoifio concentrations of available magnesium.
A seoond possible explanation for these data is that the toxi
city of 2,4-D might be due to some other critical mechanism, and in
the experiments reported here the complexing with magnesium prevented
its acting in this other way.

The fact remains, however, that if

2,4-D by complexing with magnesium is prevented from performing some
other inhibitory activity of which it is capable, this is at the
simultaneous expense of the magnesium of the system, an expense which
is quite costly in the physiological economy of the cell.

It is in

teresting to note in this regard the emphasis that Brody (1955)
plaoed upon the complexing of essential magnesium by the tetracycline
antibiotics in his explanation for the action of these agents upon
38
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his test system.
The establishment of the exact decree of inhibition of a given
mechanism known to be located in the interior of the cell by a given
concentration of 2,4-D will carry significance only when it is es
tablished to what degree, if any, 2,4-D penetrates the cell.

However,

whether or not 2,4-D gains entrance into the cell, its complexing of
magnesium in the external environment or at the cell surface will
affect the magnesium-dependent activities at the cell surface. Any
loss of magnesium in the external environment could also interfere
with the maintenance and function of permeability and transport
meohanisms (Goucher, Sarachek, and Kocholaty, 1955)*
Since the first hypothesis was favored, a reasonable approach
to strengthening the metal ion complexation hypothesis seemed to be
to test as many variations on this theme as possible.
was a question

Therefore, it

of testing several outlets to see if they were

formity with this concept

in con

of 2,4-D inhibition.

Two immediate possibilities were*

1, to somehow reduce the

amount of available magnesium in the physiological solutions, and
2, to test the

metabolism of substrates varying in their sensitivity

to the laok of magnesium.
The data in chapter 2 Bhow that when cells were washed five
times with either a solution of KC1 or a phosphate buffer (two common
ly used agents for freeing oells from remnants of their growth medium),
their oxidative activities for all the test substrates were lowered,
but irrespective of their previous treatment, a restoration of their
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impaired activity could be made by the addition of magnesium.

This

restoration also could be produced by the addition of calcium, but
to a lesser decree.
If 2,4-S ia present, however, the restoration of respiration
by magnesium is markedly inhibited, with the greatest inhibition
being produced by the herbicide upon the phosphate-washed cells.
Since oalcium too was active in the restoration of activity to either
KC1- or phosphate-washed cells respiring on acetate, it is of interest
to note that this oalcium-induced activity is also impaired in the
presence of 2,4-D, which is what would be expected if the phenomenon
is one of intereference with the availability of metal ions.
In addition it is noteworthy that the use of a KC1 solution or
a phosphate buffer interchangeably as washing and suspending solu
tions for bacterial cells that are to be used for physiological
investigations may not be wholly justified.

It has been shown here

that any preparatory treatment involving a change in divalent metal
ions of the test system, particularly magnesium, must be given care
ful consideration in interpreting and extrapolating results.

Cer

tainly the use of phosphate, either as a washing agent or as a
suspending agent, made the test agent 2,4-D have an increased dele
terious effeot*
It had been proposed in the literature that the tetracycline
antibiotics may produce their effeots on bacteria by chelation of
metal ions} and Albert (1953) had conclusively demonstrated their
ability to chelate metal ions by strict chemical titration techniques.
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This indicated a parallel of activity between 2,4-D and. the tetra
cycline antibiotics so that a comparison of thoir activities and
the relationship with magnesium might provide valuable information
concerning the mode of action of all three.
The data presented in chapter 3 show that there is a decided
parallel in activity for aureomycin, uchromycin, and 2,4-D•

The con

centration of aureomycin (2 x 10~^ M) which completely inhibited the
respiration of A. vinelandii is one of the lowest that has been re
ported for this antibiotic for _in vitro studies on the respiration
of bacterial cells.

In addition, the high degree of protection

afforded by magnesium at the low molar ratio of 6 to 1, magnesium
to aureomycin, seems most noteworthy especially since Soncin (1953)
reported his ratio to be 50»000 to !•
The lesser degree of inhibition on the part of achromycin for
the test bacterium is in conformity with that found by Brody, Hurwitz,
and Bain (1954) for rat liver and brain mitochondria.

Although the

inhibition by achromycin for the organism could be alleviated by
magnesium, the pattern of the protection differed from that shown
with aureomycin.

With aureomycin the magnesium protected the organism

from the inhibition with progressive effectiveness up to a molar ratio
of 6 to 1, a ratio at which the maximum protection occurred.

In the

case of achromyoin, however, the maximum protection occurred at a
molar ratio of 1 to 1, magnesium to achromycin, and there did not
seem to be a significant increase in the protection with further in
creases in the molar ratio of magnesium to achromycin.

It is interesting to note that structurally aureomycin (chiortetrac^cline) differB from aohromyoin (tetracycline) only in that
it has a chlorine atom on the unsaturated (d ) ring (Eagle and Satz,
1955)*

The significance of the structural difference in these xv/o

molecules in explaining the differences in their antibiotic activitie
remains to be seen.
It is most interesting that the inhibition of the respiration
of A. vinelandii produced by 6 x 10

M 2,4-D is completely abolished

by a 1 to 1 molar ratio of magnesium to the herbicide.
The evidence in chapter 3 demonstrates that all three substances
behaved exactly in accordance with what one would predict according
to the hypothesis that the primary inhibitory activity of all three
agents is due to their ability to chelate essential metal ions, par
ticularly magnesium.
In a review article (Weinberg, 1957) the increasing importance
of metal ion complexing compounds as bacterial inhibitors has been
discussed*

From the evidence presented here it appears that 2,4-D

oan now be added to this category of antibacterial agents.

SUMMABY

The inhibition by 2,4-D

oxygen uptake of A. vinelandii strain

0 and R. meliloti Wis . 1 06 has been shown to be i n t i m a t e l y associated
with magnesium.
_2
Marked inhibition of oxygen uptake was produced by 1 .85 x 10
U 2,4-D in media with minimal amounts of magnesium.

Protection from

this inhibition was afforded the organism by the prior addition of
magnesium in a final concentration of 0.003 M MgSO^ ■ 7 H^O.
level of magnesium 3.7 x 10

_2

At this

M 2,4-D was required to effect complete

inhibition of oxygen uptake.
The simultaneous addition of phosphate with 2,4-D enhances the
toxicity of the latter to A. vinelandii.

This enhanced toxicity is

related to the magnesium concentration of the environment.
Mannitol-grown cells of A. vinelandii strain 0 have the same
adaptive pattern to acetate, pyruvate, succinate, inalate, Erd furm rate
as has been shown for glucose- and sucrose-grown cells.
The oxidative activity of these cells is considerably reduced
when they are washed 5 times with KC1 or phosphate buffer.

The re

duction in aotivity is always greater in the presence of increased
phosphate.
The reduoed oxidative activity oan be stimulated by the addition
of magnesium.

Calcium may substitute for magnesium in this stimula—
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tion, the difference in stimulation being only in decree.
2.4—D inhibits the respiration of the cells at an equimolar
concentration w ith magnesium or calcium* a greater inhibition is
produced by a molar ratio of 2 to 1, 2,4—2 to metal ion.
Aureomycin inhibited the respiration of A. vine]andil in a
range of concentrations from 2 i 10

—5

-4
II to 2 i 10 T H.

The inhibi

tion was directly proportional to the concentration of aureomycin
with complete inhibition occurring at 2 x 10~^ 11.
Protection from the inhibition produced by 8 x 10 ^ M aureomycin
could be effected by use of magnesium in molar ratios of ltl, 2:1,
4*1, and 6:1 with maximum protection occurring at the latter molar
ratio.
Achromycin inhibited the respiration of A. vinelandii in a range
of concentrations from 2 x 10”*^ M to 2 x 10~^ M with ooraplete inhibi

tion occurring at the latter concentration.
The inhibition produced by aohromyoin at a concentration of 8
A

x 10

H was alleviated by magnesium at a molar ratio of 111 , and

there was no significant increase in the protective action in molar
ratios greater than 111, magnesium to achromycin.
2.4-2 inhibited the respiration of A. vinelandii in a range of
oonoentrations from 2 x 10

M to 8 x 10

M, with complete inhibi

tion oocurrlng at the latter concentration.
Complete protection from the inhibition produced by 6 x 10~^ 11
2,4~2 was effected by use of magnesium in a molar ratio of ltl.
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